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Abstract:    The destruction of hexafluoroethane (C2F6), also known as R-116, was investigated in a nonthermal plasma reactor 
packed with dielectric pellets. The effects of the feed gas composition and the input power on the destruction of C2F6 were 
examined. The feed gas composition was varied by changing the oxygen content, the argon content and the initial C2F6 
concentration. An increased input power led to increased C2F6 destruction as a result of promoting the electron-molecule collisions 
to dissociate C2F6 molecules. The addition of argon to the feed gas greatly improved the C2F6 destruction by reducing the energy 
losses due to vibrational excitation and dissociation of N2 molecules, while the increases in the oxygen content and the initial C2F6 
concentration decreased the destruction efficiency. The byproducts including CO2, CO, COF2, CF4, SiF4, NO2, and N2O were 
identified, and the destruction mechanisms were elucidated, referring to these compounds. The most abundant byproduct was 
found to be carbonyl fluoride (COF2), indicating that it serves as an important medium to convert C2F6 into CO2. The energy 
requirement for the C2F6 destruction was in the range of 8.2–45.3 MJ/g, depending on the initial concentration. 
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1  Introduction 
 

Perfluorocarbons (PFCs) such as CF4, C2F6, and 
C3F8 that have been used as dry-etch gases in the 
semiconductor industry contribute significantly to 
global warming. Hexafluoroethane (C2F6) is a par-
ticularly versatile etchant for many substrates in 
semiconductor manufacturing. It has a global warm-
ing potential that is 11 900 times greater than carbon 
dioxide. Regarding the abatement of C2F6, several 
technologies including thermal destruction, catalytic 
destruction, adsorption, thermal plasma and 
nonthermal plasma have been applied (Hartz et al., 
1998; Delattre et al., 1999; Tsai et al., 2002; Lee and 
Choi, 2004; Takaki et al., 2006). C2F6 is chemically 
inert and thermally stable, which is attributed to the 

strength of the C-F bond and the shielding effect of 
the fluorine atoms. Thus, thermally destroying its 
molecular structure requires very high temperatures, 
over 1300 K. The use of a catalyst can lower the 
operation temperature by decreasing the activation 
energies of relevant reactions, but the catalyst 
poisoning due to the destruction products may be a 
significant problem in practice. Thermal plasma 
processes may be useful techniques, especially for 
high concentration streams (Sun and Park, 2003; 
Mizeraczyk et al., 2005), but there are several disad-
vantages of using thermal plasma, such as electrode 
erosion and high energy consumption. Nonthermal 
plasma reactors have also been used for destroying 
fluorocarbons (Chang and Yu, 2001; Takaki et al., 
2006; Chen et al., 2008; Mok et al., 2008). The main 
problem of nonthermal plasma lies in low PFC 
destruction efficiency, but combinations of 
nonthermal plasma with other technologies could 
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significantly improve destruction efficiency. Chang et 
al. (2001) introduced catalysis for the purpose of 
enhancing the effectiveness of nonthermal plasma, 
and Urashima et al. (2001) proposed a two-stage 
process consisting of nonthermal plasma and 
adsorption. 

Although there have been several reported works 
on the destruction of C2F6, few have dealt with the gas 
composition effect and the destruction mechanisms. 
In this work, a nonthermal plasma reactor packed 
with dielectric pellets was applied to the destruction 
of C2F6. Using this experimental set-up, the objec-
tives of this study were to investigate the effect of the 
gas composition and input power on the destruction of 
C2F6, and to elucidate the destruction mechanisms. 
 
 
2  Experimental 
 

The dielectric-packed bed plasma reactor for 
destroying C2F6 is schematically shown in Fig. 1. The 
plasma reactor consisted of a quartz tube with inner 
and outer diameters of 21 mm and 24 mm, respec-
tively, an 8-mm stainless steel screw, and 3-mm alu-
mina balls (Daihan Scientific, Korea) as dielectric 
packing material. The alumina balls (93% Al2O3) are 
the same as those used for grinding media in ball 
milling. The outer surface of the quartz tube was 
wrapped with aluminum foil. The effective reactor 
length was 130 mm, corresponding to the height of 
the aluminum foil. The void fraction in the reactor 
was about 0.4. An AC high voltage (frequency 1 kHz) 
was applied to the stainless steel screw acting as the 
discharging electrode, and the aluminum foil was 
connected to the ground electrode. The applied volt-
age was varied from 10 to 16 kV (peak value) to 
change the power delivered to the plasma reactor. The 
plasma reactor was equipped with a water jacket, 
thereby removing the heat generated during the op-
eration. The voltage applied to the discharging elec-
trode was measured with a 1000:1 high voltage probe 
(P6015, Tektronix, USA) and a digital oscilloscope 
(TDS 3032, Tektronix, USA). The input power defined 
as the amount of electrical power that is delivered to 
the high voltage transformer was measured by a digital 
power meter (Yokogawa WT200, Japan). The power 
consumed in the dielectric-packed bed plasma reactor 
(i.e., discharge power) can be determined using the 

Lissajous figure. Under the present experimental 
conditions, the discharge power was about 60% of the 
input power. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The feed gas entering the plasma reactor was 

formed with C2F6, oxygen, argon and nitrogen as the 
balance gas. The flow rates of those gases were 
regulated by mass flow controllers (MKS Instruments, 
Inc., USA). The total flow rate of the feed gas was 
adjusted to 500 cm3/min. Considering the void frac-
tion, the residence time of the feed gas in the reactor 
was calculated to be 1.85 s. The concentration of C2F6 
was changed from 500×10−6 to 2000×10−6, and the 
oxygen content from 0 to 5.0% (v/v). Argon content 
was changed up to 20% (v/v). The total flow rate of 
the feed gas remained constant at 500 cm3/min, re-
gardless of the changes in the gas composition. The 
gas treated in the plasma reactor was directed to the 
Fourier transform infrared spectroscopy (FTIR) 
spectrometer (Model 1600 Series, Perkin-Elmer, 
USA) equipped with a long path gas cell (Pike 
Technologies, Inc., USA) for analyzing the concen-
trations of C2F6 and the byproducts. The intensity of 
infrared absorbance at a characteristic wavenumber 
for a certain compound is proportional to its concen-
tration. The C2F6 destruction efficiency was deter-
mined by comparing the final and initial concentra-
tions. 

Fig. 1  Schematic diagram of the dielectric-packed bed 
plasma reactor 
FTIR: Fourier transform infrared spectroscopy 
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3  Results and discussion 
 

Fig. 2 shows the dependence of the input power 
on the applied voltage at different argon contents. The 
input power was changed from 100 to 250 W by 
changing the voltage. The voltage/power characteris-
tics somewhat depended on the argon content. Below 
200 W, a higher voltage was required to obtain the 
same input power at lower argon contents, which can 
be explained by higher plasma inception voltage at 
lower argon content. On the other hand, above 200 W, 
the effect of the argon content was reversed, i.e., lower 
argon contents required lower voltages to obtain the 
same input power. For instance, at argon contents of 
0%, 5%, 10% and 20% (v/v), the voltages required to 
obtain 250 W were 14.6, 14.8, 15.1, and 15.2 kV, 
respectively. The datasets given below were obtained 
by adjusting the input power to desired values. 

Fig. 3 presents the destruction efficiency and the 
amount of C2F6 destroyed at different input powers in 
the range of 100–250 W. The amount of C2F6 de-
stroyed is calculated by multiplying the destruction 
efficiency by the initial C2F6 concentration. The 
general trend was that the destruction efficiency and 
the amount destroyed increased proportionally with 
the increase in the input power. The nonthermal 
plasma produces various radicals, ions and excited 
molecules. The removal pathways for most of com-
mon air pollutants, such as nitrogen oxides, volatile 
organic compounds (VOCs), and odors are explained 
by the reactions with these reactive species (Okubo et 
al., 2007; Futamura and Sugasawa, 2008; Yoshida et 
al., 2009). On the other hand, the reactivity of C2F6 
with these reactive species is extremely low because 
of its chemical stability. The only process for initiat-
ing the destruction of C2F6 is believed to be the dis-
sociation by the energetic electrons generated by the 
plasma, which can be given as (Motlagh and Moore, 
1998) 

 
e+C2F6→CF3+CF3+e,  (1) 
e+C2F6→C2F5+F+e.  (2) 

 
The bond dissociation energies of C-C and C-F are 
3.6 and 5.1 eV, respectively, indicating that reaction 
(1) is superior to reaction (2). According to the mass 
spectrum of C2F6 that illustrates the cracking pattern 
of this molecule in a mass spectrometer (NIST, 2009), 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
the most abundant fragment is that with m/z 69, cor-
responding to CF3, which also supports the observa-
tion that reaction (1) is the predominant electron im-
pact dissociation process. The rate of the electron 
impact dissociation depends on the electron energy 
and concentration, and thus it stands to the reason that 
the increased input power should result in greater 
destruction efficiency (Fig. 3). 

The effect of the gas composition on the C2F6 
destruction is shown in Fig. 4. With the initial C2F6 
concentration remained constant at 500×10−6, the 
oxygen content was changed up to 5% (v/v), and the 
argon content up to 20% (v/v). The C2F6 destruction 
gradually decreased with an increase in the oxygen 
content. This decrease in the C2F6 destruction in the 
presence of oxygen can partly be explained by the 
electron attachment to oxygen molecules. As well, the 
formation of oxygen containing byproducts, such as 
NO2 and N2O, can consume the electrical energy 

Applied voltage (kV) 

9 10 11 12 13 14 15 16 

In
pu

t p
ow

er
 (W

)

50

100

150

200

250

300

Ar 0% 
Ar 5%
Ar 10%
Ar 20%

Fig. 2  Dependence of the input power on the applied 
voltage at different argon contents 
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Fig. 3  Effect of the input power on the destruction effi-
ciency and the amount of C2F6 destroyed (initial C2F6: 
500×10−6; oxygen: 0.5% (v/v); argon: 20% (v/v)) 
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delivered to the plasma reactor, which may be another 
reason for lower C2F6 destruction at higher O2 content. 
For a given oxygen content, the C2F6 destruction 
increased as the argon content increased. This is re-
lated to the electron energy distribution. At a low 
argon content, a large portion of electron energy is 
lost due to vibrational excitation and dissociation of 
N2 molecules (Kucukarpaci and Lucas, 1979), re-
sulting in low destruction efficiency. As the argon 
content increases, such losses of electron energy de-
crease, and thus more energetic electrons can par-
ticipate the C2F6 destruction. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5 shows the FTIR spectra of the gas treated 
in the plasma reactor for different oxygen contents. 
The C2F6 destructions products included CO2, CO, 
COF2, CF4, and SiF4. The evolution of SiF4 is asso-
ciated with etching of the quartz wall (SiO2) of the 
reactor by fluorine (Urashima et al., 2001). In addi-
tion, nitrogen oxides such as N2O and NO2 were 
identified in the spectra, which increased in concen-
tration with the increasing oxygen content. The reac-
tion pathways leading to the formations of CO2, CO, 
COF2, and CF4 are explained below. The rate coeffi-
cients of the relevant reactions are reported in (Barker, 
1995; Mallard et al., 1998). The CF3 radical produced 
by the electron impact dissociation (reaction (1)) 
reacts with oxygen to form trifluoromethyl peroxy 
radical (CF3O2): 

 
CF3+O2→CF3O2, 2.4×1012 cm3/(mol·s). (3) 

 
The trifluoromethyl peroxy radical further reacts 

to form trifluoromethoxy radical (CF3O) as 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

CF3O2+CF3O2→2CF3O+O2, 1.36×1012 (mol·s)−1, (4) 
CF3O2+NO→CF3O+NO2, 9.6×1012 (mol·s)−1.      (5) 

 
Note that NO involved in reaction (5) is formed 

from nitrogen and oxygen by the electrical discharge. 
The mechanism for the formation of NO has been 
discussed (Mok et al., 2000; Ricketts et al., 2004). 
The trifluoromethoxy radical resulting from reactions 
(4) and (5) are further degraded to give COF2: 

 
CF3O+O2→COF2+FO2, 1.0×106 (mol·s)−1,              (6) 
CF3O+NO→COF2+NOF, 3.2×1013 cm3/(mol·s),    (7) 
CF3O+NO2→COF2+NO2F, 1.9×1012 cm3/(mol·s).  (8) 

 
Even though the rate constant of reaction (6) is 

small, its reaction rate can be significant when the 
oxygen content is high. Other channels for COF2 
formation are as follows: 

 
CF3+O→COF2+F, 1.9×1013 cm3/(mol·s),             (9) 
CF3+NO2→COF2+NOF, 1.5×1013 cm3/(mol·s). (10) 

 
Further reaction of COF2 with excited oxygen 

atom leads to CO2, and a part of CO2 can be converted 
into CO: 

 
COF2+O(1D)→CO2+F2, 1.3×1013 cm3/(mol·s),  (11) 
CO2+N(2D)→CO+NO, 2.2×1011 cm3/(mol·s).   (12) 

 
The amount of CO was found to be relatively 

small, compared to other byproducts. The reaction to 
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form CF4 is believed to be 
 

CF3+F→CF4, 1.2×1013 cm3/(mol·s).        (13) 
 

In the C2F6 destruction, the rate-determining step 
is reaction (1). Though the succeeding reactions 
(3)–(13) are relatively fast, the slow rate of reaction (1) 
controls the overall C2F6 destruction rate. In Fig. 6, 
the destruction mechanisms explained are schemati-
cally described. 

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 7 shows the effect of the initial C2F6 con-

centration on the destruction efficiency and the 
amount of C2F6 destroyed, where the results obtained 
with and without oxygen are compared. The initial 
C2F6 concentration was varied from 300×10−6 to 
2000×10−6. In the absence of oxygen, the destruction 
efficiency decreased with the increase in the initial 
concentration, more sharply than in the presence of it. 
The amount of C2F6 destroyed in the absence of 
oxygen showed its maximum at an initial concentra-
tion of 1000×10−6, and then decreased as a result of 
the sharp decrease in the destruction efficiency. It is 
natural that the destruction efficiency should decrease 
with increases in the initial C2F6 concentration, be-
cause of the decrease in the relative amount of ener-
getic electrons available for the destruction. What 
should be noted in Fig. 7 is the extent of the decrease 
in the destruction efficiency according to the initial 
C2F6 concentration. In the absence of oxygen, the 
C2F6 destruction efficiency was much more sensitive 
to the change in its initial concentration. When the 
initial concentration was changed from 300×10−6 to 
2000×10−6, the destruction efficiency decreased from 
40% to 32.5% with oxygen, whereas it changed from 
51% to 21% without oxygen. This result may be ex-
plained by reaction (3) and succeeding reactions. The 

CF3 radicals formed by reaction (1) can recombine 
with each other. Since the recombination reaction is 
necessarily more probable at higher C2F6 concentra-
tions, the destruction efficiency decreases as the initial 
C2F6 concentration increases. In the presence of oxy-
gen, however, there is less possibility of the CF3 
radicals recombining, because oxygen scavenges them 
quickly, as given in reaction (3). That is why the C2F6 
destruction efficiency obtained in the absence of 
oxygen was much more sensitive to the change in its 
initial concentration. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1 summarizes the energy requirements to 

destroy 1 g of C2F6 at various initial concentrations, 
which ranged from 8.2 to 45.3 MJ/g, depending on the 
initial concentration. The energy requirements re-
ported by Urashima et al. (2001) and Takaki et al. 
(2004) are in the range of 2.5–3.7 g/(kW·h), tanta-
mount to 0.97–1.44 MJ/g (initial C2F6 concentration: 
3000×10−6). These values are much smaller than 
those summarized in Table 1, but it should be noted 
that there are many parameters such as initial C2F6  
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concentration, AC frequency, gas composition, reac-
tion temperature, and reactor geometry that can affect 
the energy requirement. 

Fig. 8 presents the concentrations of the by-
products obtained by changing the initial C2F6 con-
centrations. The concentrations of all byproducts 
increased with greater initial C2F6 concentrations. As 
understood from Fig. 8, COF2 is the major byproduct. 
COF2 is formed by reactions (3)–(10), and it can 
further decompose into CO2 by reaction (11). Under 
these experimental conditions, about 10% of the C2F6 
destroyed was converted into CF4 (reaction (13)). If 
all of the C2F6 destroyed was converted into CO2, 
COF2 and CF4, the sum of these compounds should 
amount to twice as much as the amount of C2F6 de-
stroyed, on the basis of carbon balance. But the by-
products in Fig. 8 accounted for only about 70% of 
the C2F6 destroyed. Though not fully discussed here, 
chemical pathways leading to other byproducts like 
particulate matters are possible, affecting the ob-
served carbon balance. Finally, the formation of SiF4 
due to the etching of the reactor wall shortens the 
lifetime of the reactor (Takaki et al., 2004), and thus 
careful choosing of materials to construct the reactor 
is necessary. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4  Conclusions 
 

The C2F6 destruction was investigated in the   
dielectric-packed bed plasma reactor. The effects of 
the gas composition and the input power were ex-
amined and the destruction mechanisms were dis-

cussed. The electron impact dissociation is the key 
process for initiating the C2F6 destruction, which 
depends on the electron energy and concentration. 
Thus, as the input power was increased by increasing 
the applied voltage, the destruction efficiency was 
greatly enhanced. The increase in the oxygen content 
decreased the C2F6 destruction because a portion of 
the electrical energy delivered to the plasma reactor 
was consumed to form oxygen-containing byproducts. 
The addition of argon enhanced the C2F6 destruction, 
probably because the electron energy density distri-
bution was shifted to favorable conditions. Regarding 
the effect of the initial C2F6 concentration, the de-
crease in the destruction efficiency with increasing 
initial C2F6 concentration was more significant in the 
absence of oxygen than in the presence of it. The C2F6 
destruction products identified were CO2, CO, COF2, 
CF4, and SiF4, increasing with higher initial C2F6 
concentrations. Judging from the distribution of these 
destructions products, COF2 is the key intermediate 
compound leading to the formation of CO2. A carbon 
balance of about 70% was achieved, indicating that 
other byproducts were produced from C2F6. The en-
ergy requirement for the C2F6 destruction ranged 
from 8.2 to 45.3 MJ/g, depending on the initial con-
centration. 
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